Male mice deficient in ESR1 (ERalpha) (Esr1KO mice) are infertile, and sperm recovered from the cauda epididymis exhibit reduced motility and fail to fertilize eggs in vitro. These effects on sperm appear to result from defective epididymal function and not a direct effect on spermatogenesis, as Esr1KO germ cells transplanted into wild-type testes yield normal offspring. We hypothesized that the previously described defect in efferent duct fluid reabsorption would lead to alterations in the epididymal fluid milieu, which would negatively impact sperm function. Analysis of the epididymal fluid revealed that the Esr1KO maintains a higher luminal pH throughout the epididymis, confirming an inability of the efferent ducts and/or epididymis to properly acidify the luminal contents. Subsequent studies showed that these abnormalities were not the result of global defects in epididymal function since protein secretion by the Esr1KO epididymis appeared normal as judged by SDS-PAGE of total secreted proteins and by immunoblotting of candidate secreted proteins. To gain insight into the basis of the aberrant fluid homeostasis in the Esr1KO epididymis, the expression of several enzymes and transporters known to be involved in acid/base regulation were analyzed. The levels of SLC9A3 (NHE3) as well as carbonic anhydrase XIV and SLC4A4 (NBC1) were all reduced in the proximal portion of the Esr1KO epididymis, while other components appeared unaffected, including other ion transporters and ATP6V0A1 (V-ATPase). The altered luminal milieu of the Esr1KO epididymis was shown to lead to a corresponding increase in the intracellular pH of Esr1KO sperm, relative to sperm from control animals. Since pH and bicarbonate ions are critical regulators of sperm cAMP levels and motility, we attempted to bypass the abnormal luminal and intracellular environment by supplementing sperm with exogenous cAMP. This treatment rescued all defective motility parameters, as assayed by CASA, further showing that motility defects are not intrinsic to the sperm but, rather, result from the abnormal epididymal milieu.
INTRODUCTION
The creation of transgenic mouse models lacking a functional Esr1 gene, collectively known as the ERa knockout (Esr1KO or Esr1 À/À ), has provided insight into the importance of ESR1 in the regulation of male fertility and reproductive tract function [1] [2] [3] . Animals that lack a functional Esr1 gene are sterile, and sperm recovered from the cauda epididymis exhibit a low percent motility, beat less vigorously, and are ineffective at in vitro fertilization. However, this infertility is not due to a primary defect in spermatozoa, as transplantation of Esr1KO germ cells into a wild-type (WT) reproductive tract yields normal offspring [4, 5] . Recent studies, however, suggest that Sertoli cells may express ESR1 and respond to estrogen [6] , which could help explain age-dependent testicular degeneration in the aromatase knockout mouse [7] .
As sperm leave the testis, they are funneled through a series of tubes called the efferent ducts, which function to reabsorb testicular fluid [8, 9] . The absorptive capacity of the efferent ducts concentrates the sperm as they enter the initial segment of the epididymis. Together, these two regions help to create and maintain a luminal microenvironment that is optimal for sperm viability and function. It is now known that in the absence of Esr1, the efferent ducts fail to execute their primary function of fluid reabsorption, causing an accumulation of fluid in the lumen and subsequent backpressure atrophy of the testis [3, 10, 11] .
Previous studies have reported that the efferent ducts of the Esr1KO animals have reduced expression of several proteins that are important for controlling fluid/ion dynamics, including the sodium/hydrogen exchanger 3 (NHE3, official symbol SLC9A3), carbonic anhydrase II (CAR2), and two water channels known as aquaporin 1 and 9 (AQP1 and AQP9) [12, 13] . Analysis of mRNA levels concluded that ESR1 has a primary effect on SLC9A3 transcription, while lowered expression of CAR2, AQP1, and AQP9 are likely secondary to morphological defects of the efferent duct epithelium. ESR1 is also expressed in the proximal regions of the epididymis [14] ; however, a detailed examination of transport channels in the Esr1KO epididymis has yet to be determined.
The epididymis plays an important role in sperm maturation, transport, protection, and storage [15] [16] [17] and consists of a single convoluted duct that can be subdivided into four regions known as the initial segment, caput, corpus, and cauda [18, 19] . Each of these regions has distinct and overlapping functional properties that stem from differences in the constituent epithelial cell types. There are two main cell types in the epididymis that contribute to providing a specialized luminal environment for sperm. The most abundant is the principal cell, which comprises approximately 65%-80% of the total epithelial cell population and synthesizes all proteins secreted into the epididymal lumen [20, 21] . The second major cell type are the clear cells, also known as narrow cells in the initial segment. These cells are large endocytic cells that are responsible for the uptake of a number of different proteins and osmolytes excreted by the epididymal epithelium as well as for the secretion of protons to facilitate luminal acidification [22] [23] [24] .
Acidification of the epididymal lumen, coupled with low HCO À 3 concentrations, is required to keep spermatozoa quiescent before ejaculation [25] [26] [27] . Bicarbonate concentration must be maintained low as spermatozoa express an adenylyl cyclase (ADCY10, previous symbol SACY) that is directly activated by bicarbonate [28] [29] [30] . ADCY10 activation by bicarbonate leads to a rise in intracellular cAMP and subsequent activation of protein kinase A. This leads to an increase in the tyrosine phosphorylation of several sperm proteins that are important for the process of capacitation and in initiating motility [31] [32] [33] .
There are several transepithelial acid/base transport systems expressed in the epididymis that contribute to maintaining low luminal pH and bicarbonate concentrations, many of which are shared with the efferent ducts and kidney [34] . Sperm leave the testis in a solution that is high in bicarbonate. The proximal region of the epididymis expresses an apically localized sodium hydrogen exchanger, SLC9A3 [35, 36] , which functions to pump out protons into the lumen, acidifying the fluid as well as providing a hydrogen ion for the conjugation of HCO À 3 by membrane-localized carbonic anhydrases, forming H 2 O and CO 2 . In the proximal region, the primary carbonic anhydrase present on the luminal surface is CAR14 (CA-XIV). The newly formed CO 2 can readily diffuse into the epithelial cell, where it is hydrated by CAR2 to form H þ and HCO À 3 . Intracellular HCO À 3 diffuses passively across the basolateral membrane via the Na þ -HCO À 3 cotranspoter SLC4A4 (NBC1 or NBCe1) or the anion exchanger SLC4A2 (AE2). In addition to proton secretion occurring via SLC9A3 in principal cells, vacuolar-H þ ATPase (ATP6V0A1), an enzyme that couples ATP hydrolysis to proton pumping across membranes, is active in the clear and narrow cells of the epididymis [37] [38] [39] . Thus, bicarbonate reabsorption and net luminal acidification is achieved by the coordinated functions of ATP6V0A1, SLC9As, carbonic anhydrases, and bicarbonate transporters [40] .
We hypothesized that the previously described defect in efferent duct fluid reabsorption would lead to alterations in the epididymal fluid milieu, negatively impacting sperm function. Results here show that the Esr1KO epididymis fails to properly acidify the luminal milieu because of defects in the expression of specific acid/base regulators. This leads to defects in sperm intracellular pH and motility that can be partially rescued by bypassing the consequences of the abnormal epididymal milieu.
MATERIALS AND METHODS

Animals and Tissue Preparation
The present study used homozygous Esr1KO males produced by ZP3-Cremediated excision of exon 3, which generates a fully disrupted Esr1 mutant that lacks all transcripts downstream of exon 2 [41, 42] . The phenotype of these males has been reported to be indistinguishable from that of the original Esr1KO null mutation [1, 3, 41, 43] . Esr1KO male mice are infertile, whereas heterozygous mice show normal fertility and sperm motility. Comparisons were made between Esr1KO and heterozygous (HET) or WT littermates, as indicated. Only sexually mature males were used in this study, ranging from 7 to 13 wk of age. For each analysis, at least three age-matched mice of each genotype were used. The mice were euthanized by cervical dislocation. For CASA analysis, mice were lightly anesthetized via carbon dioxide inhalation prior to cervical dislocation. All experiments involving animals were conducted according to Emory University, University of Illinois, and University of Kentucky institutional standards for the care and use of experimental animals. Epididymides were dissected clean of connective tissue and subdissected into four regions: the initial segment and the remaining caput, corpus, and cauda.
Sperm Collection
All reagents were purchased from Sigma Aldrich unless noted otherwise. Sperm were collected and incubated in either a modified Krebs-Ringer buffer (dmKBRT) [44] or Medium B (127 mM NaCl, 5.3 mM KCl, 18.2 mM HEPES, pH 7.4). Initial segment and caput sperm were collected by puncturing tissue with a 27½-gauge needle and gently expressing fluid out of the perforations into the collection media. Cauda sperm were collected by shredding tissue in the appropriate media, as indicated, and filtering through a nylon mesh (03-35/ 16 Nitex; Sefar Filtration Inc.). In some instances, the highly motile cauda sperm (''swim out'') were collected by making three to five small incisions into cauda tissue and collecting the sperm after 5 min of incubation at 378C. The remaining cauda sperm were collected by shredding the cauda tissue, triturating with a transfer pipette, and filtering through nylon mesh.
Single-Dimension Electrophoresis, Western Blot Analysis, and Quantification
Epididymal fluid was collected by pooling the indicated anatomical regions from one animal and expressing the fluid into a small volume of Medium B. Sperm and cell debris were pelleted, and the supernatant was saved. Epididymal tissue lysates were prepared from tissue that was pooled and snap frozen in liquid nitrogen and stored at À808C. Tissue was homogenized in 0.5 ml of lysis buffer previously described [45] . The membrane-bound vesicle fraction was isolated by collecting fluid as described previously in 200 ll of Medium B with 1 mM EDTA. Sperm and cell debris were removed by centrifugation. To separate the whole membrane fraction from total luminal fluid, the sample was subjected to ultracentrifugation at 200 000 3 g for 1 h, as previously described [46] . The supernatant was collected as the soluble fraction. The remaining pellet was sonicated in a buffer containing 50 ll of Medium B supplemented with 1 mM EDTA and 0.1% Triton X-100.
Protein concentration was determined using the RC DC Protein Assay (BioRad Laboratories), and equal protein loads were resolved by SDS-PAGE using Tris-HCl precast gels (Criterion System; Bio-Rad Laboratories) after heating at 908C for 8 min in the presence of DTT. Gels were silver-stained for protein visualization. Resolved proteins were transferred onto Immobilon-P membranes, PVDF (Millipore) and blocked with 5% (w/v) nonfat dry milk powder for 1 h at room temperature. The membranes were probed using the following commercially available antibodies: rabbit anti-CA-II (CAR2) raised against human erythrocyte CA-II (Chemicon); mouse anti-CA-XIV (CAR14) raised against amino acids 194-301 (BD Biosciences); rabbit anti-NHE3 (SLC9A3) raised against amino acids 665-834 (Santa Cruz Biotechnology); rabbit anti-VATPase (ATP6V0A1) raised against amino acids 334-513 (Santa Cruz Biotechnology); hamster monoclonal anti-SED1/MFG-E8, which reacts with all SED1/MFG-E8 isoforms (MBL International); and mouse anti-a-tubulin (Sigma). Rabbit antibodies against CRISP1/CAP-A [47] , ClC-5 (CLCN5) (C2) [48] , and NBC1/NBCe1 (SLC4A4) [49] were kindly provided by the cited investigators. All secondary HRP-conjugated antibodies were used at a 1:25 000 dilution (Santa Cruz Biotechnology). Peroxidase-bound protein bands were visualized using the ECL or ECL-Plus method (GE Healthcare Life Sciences). To check for equal protein loads, blots were incubated in stripping buffer (0.25 M glycine, 0.5% SDS, pH 2.5) and reprobed using an antibody against a-tubulin. Intensities of bands on films were quantified using spot densitometer software (FluorChem SP; Alpha Innotech Corp.).
Determination of Luminal pH
Luminal fluid pH was determined as previously described with minor modifications [45] . Single pairs of age-matched control and Esr1KO mice were sacrificed by cervical dislocation, and epididymides were removed and subdissected by anatomical region (initial segment, caput, and cauda). Tissue was gently manipulated to exude luminal contents through the cut side of tissue onto Hydrion pH paper (Microfine; Micro Essential Laboratory). The pH was determined by two independent investigators by comparing the expressed luminal fluid to standard phosphate-buffered solutions with pH 6.4-7.4 as well as to the standards provided with the litmus kit. The recorded measurements from each investigator were within 0.1 units of each other, and at least five LOSS OF Esr1KO LEADS TO DEFECTIVE EPIDIDYMAL FUNCTION independent samples of luminal fluid from each genotype and each region were assayed. Means were compared using an unpaired Welch-corrected Student ttest; differences were considered significant when P 0.05.
Determination of Intracellular Sperm pH
Intracellular sperm pH (pH i ) was measured using 2,7-bicarboxyethyl-5,6-carboxyfluorescein-acetoxymethyl ester (BCECF-AM; Invitrogen Molecular Probes), a fluorophore that diffuses freely through the plasma membrane. In the cell, BCECF-AM is hydrolyzed by nonspecific esterases, releasing BCECF, which is charged and therefore retained within the cytoplasm. Once inside the cell, BCECF has a pH-dependent fluorescent excitation profile. The utility of BCECF to assess the intracellular pH of mouse sperm has been previously reported [50, 51] and verified in this study by incubating control sperm in buffers of varying pH in the presence of the K þ /H þ ionophore, nigericin (Invitrogen Molecular Probes), which causes rapid equilibration of intracellular and extracellular pH in the presence of a depolarizing concentration of extracellular K þ . Intracellular sperm fluorescence intensity was confirmed to be proportional to pH within a range of 6.6-8.0.
The previously published protocol for the use of BCECF-AM in mouse sperm was modified slightly [50, 51] . Briefly, BCECF-AM was dissolved in dimethylsulfoxide (DMSO; 1 mM stock solution) and stored in aliquots of 20 ll at À208C. Spermatozoa recovered from the initial segment, caput, and cauda in Medium B and were incubated with BCECF-AM (final concentration: 4 lM) in the dark (378C) for 30 min and then centrifuged (203 3 g) for 5 min. The supernatant was discarded, and the sperm were resuspended in appropriate media. Immediately prior to imaging, the sperm suspension was spread on a ProbeOn Plus microscope slide (Fisher Scientific) and mounted with a cover slip. The spermatozoa solution was excited at 488 nm, and the fluorescence emission was recorded with band pass of 505-550 nm. All scans were taken within 30 sec of each other. Using the LSM 510 software (Zeiss), the images were processed by selecting the region of interest (sperm head) and subtracting the background fluorescence. The analysis software provided the mean pixel intensity value for each individual sperm.
BCECF statistical analysis. For each assay, sperm were collected from the initial segment, caput, and cauda epididymis of age-matched genotype pairs (WT/HET vs. Esr1KO), and their pixel intensities were recorded. Mean intensities of sperm from each region were compared between genotypes (Esr1KO vs. WT/HET). Although within each pair of mice assayed on a given day the fluorescence intensity was consistently elevated in the Esr1KO sperm populations, we pooled data from multiple assays to acquire a statistically significant sample set. Fluorescent intensity was standardized between assays from different days by subtracting the experimental mean for all sperm from each observation and dividing this value by the experimental standard deviation for all sperm. All analyses utilized Systat 12 (Systat, Inc.). Data were modeled using a linear mixedmodel analysis to account for observations that are correlated. The data were modeled by declaring each experiment and animal a random effect, therefore taking into account the multiple measurements of sperm taken from one animal. To assess the effect of genotype in each region of the epididymis, we used the computed type 3 analysis of variance. The KruskalWallis test and the Kolomogorov-Smirnov two-sample test were used to examine differences between distributions. Significance was determined as P 0.05.
Motility Induction with cAMP
Caput and cauda epididymal sperm were collected in dmKBRT as described previously. Aliquots of the recovered sperm suspension were placed into a treatment or control droplet (v:v 1:1). The treatment droplet consisted of db-cAMP (dibutyryl-cyclic adenosine monophosphate sodium salt) dissolved in DMSO (final concentration: 1 mM) and the phosphodiesterase inhibitor caffeine (final concentration: 15 mM). The control droplet consisted of an equivalent volume of DMSO in dmKBRT. Treated and control samples were placed in a humidified incubator (378C, 5% CO 2 ) for 25 min. After incubation, a 15-ll aliquot of the treated and control samples was transferred into each of two compartments on a glass cannula slide for computer-assisted sperm analysis (CASA) using the integrated visual optical system (IVOS) motility analyzer (Hamilton-Thorne Research, Inc.). Thirty frames were acquired at a frame rate of 60 Hz. The operational settings of the IVOS were as follows: minimum contrast (40) and size (four pixels), gate thresholds 0.38/1.65 for intensity and 0.42/2.34 for size, static elongation 0/75, progressive minimum path velocities of sperm (VAP) 50 lm/sec, straightness threshold 50%, and magnification 0.82.
CASA statistical analysis. Parameters of motility were analyzed using a mixed model wherein litters and males nested within a litter were random factors. To assess the assumption of equal variances, the Levene test was performed. The resulting P-value of the Levene test was greater than 0.05 for all but two of the motility parameters (BCF and LIN). For all analyses, residuals were normally distributed based on visual inspection of probability plots. The Tukey honestly significant difference test was utilized to perform pairwise comparisons for all combinations of genotype and treatment for each motility parameter. Means were considered significantly different if P 0.05.
RESULTS
The Loss of Functional Esr1 Gene Results in Elevated Epididymal Fluid pH
Previous studies using the Esr1KO mouse model have demonstrated a decrease in Slc9a3 mRNA expression as well as reduced immunostaining of AQP1, AQP9, and CAR2 within the efferent duct epithelium [12, 13] . Another infertile mouse model, the Ros1 knockout male, also exhibits altered expression of several epithelial transporters and enzymes as well as a consequent increase in the luminal pH of the cauda epididymis [45] . Given these reports and the role that SLC9A3 plays in acid/base regulation and fluid homeostasis, we measured luminal pH from the initial segment, caput, and cauda for comparison between Esr1KO and control animals.
Fluid harvested from control animals displayed a slow acidification as it progressed through the lumen, from the proximal to the distal regions of the epididymis ( Fig. 1; initial segment: 7.04 6 0.08; caput: 6.95 6 0.07; cauda: 6.93 6 0.11). In contrast, the luminal contents of the Esr1KO initial segment was ;0.30 units higher and remained more alkaline than control fluid in all epididymal segments measured (initial segment: 7.32 6 0.02; caput: 7.17 6 0.03; cauda: 7.31 6 0.05).
The Esr1KO Epididymis Does Not Exhibit Global Defects in Protein Composition or Secretion
To determine if the failure of the epididymal fluid to acidify was due to global defects in epididymal function, we compared protein expression and secretion between Esr1KO and control epididymides. The total protein composition of luminal fluid collected from the proximal epididymis (caput and initial segment) was examined via single dimension electrophoresis and silver stain ( Fig. 2A) . Although not intended to detect small, minor differences in protein composition, the overall protein abundance, and profile, as judged by 1D SDS-PAGE, were similar between genotypes. For a closer examination of the epididymal secretions that occur in membrane-bound vesicles, known as epididymosomes, we further fractionated the luminal contents into membrane-bound and soluble secretions. Analysis of these fractions by 1D SDS-PAGE revealed that the soluble and membrane-bound secretions were fairly distinct, with the exception of polypeptides at ;70, 40, 25, and 15 kDa that were common to both fractions ( Fig. 2A) . Similar to that seen with total luminal proteins, the relative abundance and profile of proteins in both the membrane-bound and the soluble fractions appeared to be indistinguishable between Esr1KO and control mice at this resolution.
Even though the profile of total secreted proteins appeared similar in control and Esr1KO epididymides, we examined the expression of two specific proteins known to be essential for sperm maturation and fertilization: MFGE8 (SED1) and CRISP1 (Fig. 2, B and C) . As previously reported, MFGE8 exists as multiple isoforms that are highly expressed in the principal cells of the initial segment, where it is concentrated in the Golgi region, apically localized punctate foci, and the epididymal lumen, a distribution that is characteristic of the vesicular secretory pathway [52] . The distribution for MFGE8 within the epididymal duct was found to be similar between control and Esr1KO genotypes (Fig. 2C) .
CRISP1 expression has been documented in the mouse epididymal lumen from the corpus to the cauda regions, with prominent expression within the perinuclear area of corpus cells and the apical region of cauda cells [47, 53] . In addition to these regions, we found strong CRISP1 immunoreactivity within a subset of principal cells and within the luminal compartment of the distal caput (Fig. 2C) . The immunocytochemical localization of CRISP1 in all segments of the epididymis was comparable between Esr1KO and WT tissues. Furthermore, the level of MFGE8 isoforms and CRISP1 expression within the epididymal tissue and luminal fluid, as judged by Western blot analysis, was also similar between genotypes (Fig. 2, B and C) .
FIG. 2. Many epididymal proteins are expressed and localized normally in the
Esr1KO epididymis. As a simple readout of overall epididymal function, total epididymal protein expression was compared between control and Esr1KO mice, as was the immunolocalization of MFGE8 and CRISP1, two epididymal secreted proteins important in sperm function. A) Total luminal fluid protein was separated by single-dimension electrophoresis and visualized by silver stain. At this resolution, the relative protein abundance and separation profiles appeared to be indistinguishable between genotypes. Furthermore, the protein composition of soluble and membranebound fractions were analyzed by SDS-PAGE and silver staining and shown to be similar between Esr1KO and control animals. B) Western blot analysis of MFGE8 and CRISP1 in epididymal fluid revealed similar levels in the Esr1KO and control caput and corpus, respectively. C) Immunolocalization of MFGE8 and CRISP1 in the Esr1KO epididymis was indistinguishable from that observed in control animals and similar to that previously reported [47, 52, 53] . Original magnification 3400. Furthermore, the relative abundance of CRISP and the known MFGE8 isoforms, as judged by Western blot analysis, was similar between genotypes. (A large bolus of unlabeled protein present in the epididymal fluid distorts the migration of the higher-molecular-weight MFGE8 isoform, which is easily seen in tissue lysates.) For all blots, atubulin, TUBA, serves as a loading control.
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The Esr1KO Epididymis Has Reduced Expression of Several Proteins That Are Involved in Acid/Base Regulation
The increased luminal fluid pH in the Esr1KO epididymis is consistent with an inappropriate regulation of fluid homeostasis. We therefore considered possible mechanisms whereby loss of ESR1 may affect this aspect of epididymal physiology. Given its essential role in modifying the epididymal environment, our analysis focused on the initial segment of the epididymis.
The composition of the epididymal luminal fluid is regulated by a number of ion transporters, membrane pumps/ channels, and enzymes. We investigated a subset of these proteins with known expression in the mouse or rat epididymis and characterized the level of protein expression by Western blot analysis. Components of the regulatory pathway that are believed to be highly active within the principal cells, such as the sodium/hydrogen exchanger SLC9A3 [35, 36] , sodium/ bicarbonate cotransporter SLC4A4 [54] , and CAR14 [55] , all have significantly reduced expression in the Esr1KO initial segment when compared to control tissue (Fig. 3A) . Quantification of all experiments showed that in comparison to control tissue, SLC9A3 was reduced by 50%, SLC4A4 by 35%, and CAR14 by 25% in the Esr1KO initial segment (Fig.  3B) .
In contrast to that seen in principle cells, enzymes and transporters specific to narrow cells, such as the chloride channel CLCN5 [48] and the ATP6V0A1 proton pump [38] , showed similar expression in Esr1KO and control tissue (Fig. 3C) . Furthermore, some components that participate in acid/base regulation are found in both principle and narrow cells, such as cytosolic CAR2. Although we occasionally observed decreased levels of CAR2 in the Esr1KO initial segment, its ubiquitous expression resulted in inconsistent findings, making interpretations difficult. Collectively, these findings suggest that the reduced expression of principal cell components SLC9A3, SLC4A4, and CAR14, individually or in combination, are responsible for the failure of the Esr1KO epididymis to appropriately acidify the luminal compartment.
Esr1KO Sperm Display Aberrant Intracellular pH During Epididymal Transit
To investigate the effect of luminal pH on intracellular sperm pH (pH i ), we utilized the pH-sensitive fluorophore BCECF, which has been used by others to assess mouse sperm pH i [50, 51] . Sperm from the initial segment, caput, and cauda epididymis were isolated and treated with BCECF, and their fluorescence intensity was measured (Fig. 4A) . Our findings indicate that control sperm enter the epididymis with an alkaline pH i , which gradually acidifies as sperm transit to the distal regions of the epididymal duct. This decrease in intracellular pH mimics the slow acidification of the epididymal lumen. Similarly, Esr1KO sperm also possess an alkaline pH i as they enter the epididymis in the initial segment, but unlike that seen with control sperm, Esr1KO sperm fail to acidify their intracellular environment in the caput and remain alkaline.
Because of the previously described motility defect characteristic of Esr1KO cauda sperm [12] , we evaluated the pH i of the most motile sperm, which are able to swim out of the cauda epididymal tissue, relative to those with compromised motility and that fail to swim out (Fig. 4B) . Esr1KO sperm that were sufficiently motile to swim out of the cauda epididymides had a pH i that was statistically similar to that of WT cells. However, those sperm that failed to swim out of the cauda epididymis had an intracellular pH that was distinctly more alkaline, indicating that the difference in pH i seen in unfractionated Esr1KO cauda sperm is most prominent in the nonmotile sperm population.
Esr1KO Sperm Motility Defects Are Rescued by Treatment with Exogenous cAMP
Since pH and bicarbonate ions are critical regulators of sperm adenylyl cyclase and consequent motility, we sought to bypass the abnormal Esr1KO luminal and intracellular pH by supplying Esr1KO sperm with a membrane-permeable cAMP analog in an attempt to recover motility deficits. We chose caput sperm for this analysis since other studies have shown that the severity of Esr1KO-associated sperm anomalies increases as sperm progress through the epididymal duct [56] . We reasoned, therefore, that cauda sperm may be irreversibly damaged and that caput sperm may be more amenable to pharmacological rescue of their motility defects. Utilizing CASA, we were able to obtain objective and quantitative descriptions of changes in sperm kinematic parameters in response to exogenous cAMP (Fig. 5) . Caput Esr1KO sperm possess a significantly lower percent motility than WT cells (control motility: 35 6 6.5%; Esr1KO motility: 8 6 2.7%; Fig. 5A ). CASA measurements indicate that both the raw numbers and the relative percentages of sperm classified as having progressive and rapid motility were significantly lower in the Esr1KO (Fig. 5, B and C) , while those sperm classified as static were drastically increased (Fig.  5D) . The data further indicate that the VAP and amplitudes of their lateral head displacement were all greatly reduced in Esr1KO sperm (Fig. 5, E and F) .
When Esr1KO sperm were treated with a cocktail of dbcAMP and caffeine, their motility and velocity parameters increased to levels statistically similar to that of WT control cells (Fig. 5, A-F) . All six of the motility parameters that were analyzed as being statistically different under basal conditions recovered to normal control values after treatment (% motility, % progressive, % rapid, % static, average path velocity, and lateral head displacement). These results further argue that the defective motility seen in Esr1KO sperm is not intrinsic to the sperm but rather is a physiological manifestation of the abnormal luminal environment that is acquired during epididymal transit.
DISCUSSION
Results presented here indicate that the epididymal duct of the Esr1KO male is unable to properly regulate the luminal fluid milieu, consistent with previously reported findings of aberrant fluid regulation in Esr1KO efferent ducts. The efferent ducts and the initial segment of the epididymis play an integral role in reabsorbing testicular fluid and acidification of the luminal milieu. Although previous studies of the Esr1KO males have reported aberrant expression of critical regulators of fluid transport within the efferent duct epithelium [13] , the downstream effects on epididymal function, luminal composition, and consequent sperm maturation had yet to be explored.
Spermatozoa acquire their ability to become motile and to fertilize an egg in the lumen of the epididymis. Given this important role, failure of the epididymis to provide an adequate environment for sperm maturation has profound effects on male fertility. One of the most critical features of the epididymal luminal fluid is that it is acidified to keep spermatozoa in a quiescent, immotile state while they undergo maturation and are stored in the epididymis. The principal and clear (or narrow) cells of the epididymal epithelium are able to regulate the luminal pH by utilizing various membrane pumps, channels, and transporter systems [40, 55, 57] .
We show here that in contrast to control animals, the luminal pH of the Esr1KO fluid remains alkaline in all regions, FIG. 4 . Intracellular pH of Esr1KO sperm fails to acidify during epididymal transit. Sperm from the initial segment, caput, and cauda epididymis were loaded with BCECF, a pH-dependent fluorophore, and their fluorescence intensity was measured. A) Esr1KO and control sperm recovered from the initial segment have a similar fluorescent intensity. However, caput Esr1KO sperm show increased fluorescent intensity and pH i , relative to controls (P ¼ 0.04). Cauda sperm were separated on the basis of motility, revealing that the overall mean fluorescent intensity of Esr1KO sperm that are sufficiently motile to swim out of the cauda is similar to that of control sperm, while the fluorescent intensity of the remaining nonmotile Esr1KO sperm is significantly increased. Presented are mean values 6 SEM; *p 0.05. B) Frequency distributions of cauda sperm fluorescence intensity reveals that the relative pH i is similar between both control sperm populations and the Esr1KO swim-out sperm but is significantly more alkaline in the nonmotile Esr1KO cells.
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indicating that these animals fail to properly acidify the epididymal lumen. Interestingly, the absolute difference in pH between the Esr1KO and control animals is similar to that reported using the same assay to assess luminal pH in the infertile Ros1 knockout males, a model that is also deficient in pH regulation [45] .
To assess the mechanisms underlying the Esr1KO phenotype, we evaluated the expression of several transmembrane proteins that drive fluid reabsorption and acidification in the initial segment of the epididymis. Western blot analysis indicates that the Esr1KO initial segment has significantly reduced levels of SLC9A3, CAR14, and SLC4A4, all of which are thought to be highly active within the principal cells of this region. Other components of the pH regulatory pathway that are localized to the narrow cells are unaffected in Esr1KO. Furthermore, the global expression of proteins within the epididymal tissue, as well as the expression and localization of the principal cell-secreted proteins MFGE8 and CRISP1, appear to be indistinguishable between genotypes. Although the analysis of total protein composition is limited by the resolving capacity of single-dimension polyacrylamide gels, together these results suggest that the Esr1KO epididymal epithelium shows a relatively specific defect in its ability to properly regulate the composition of the luminal fluid.
A model for acidification within the initial segment has been previously proposed for the rat [40] . It is believed that the main sodium/hydrogen exchanger present in the initial segment, SLC9A3, is critical for bicarbonate reabsorption as well as for driving protons out of the cell. These luminal protons are then combined with bicarbonate ions under the activity of CAR14 present on the apical surface of principal cells in the initial segment. The activity of CAR14 produces CO 2 that is hydrated by the cytosolic CAR2 to form H þ and bicarbonate. The protons recycle back into the lumen via SLC9A34, whereas HCO À 3 diffuses across the basolateral membrane via Na þ / HCO À 3 cotransporters. Given these proposed functions, it is reasonable to propose that the reduced abundance of SLC9A3 alone or in conjugation with SLC9A3 and CAR14 is likely FIG. 5 . Exogenous treatment with cAMP rescues Esr1KO sperm motility deficits. CASA measurements of caput sperm indicate that the raw numbers and relative percentages of overall sperm motility, as well as progressive and rapid motility, were significantly lower in the Esr1KO, whereas those sperm classified as static were drastically increased. The data also indicate that the path velocities of sperm (VAP) and amplitudes of their lateral head displacement (ALH) are both greatly reduced in the Esr1KO sperm. Treatment of Esr1KO sperm with a dp-cAMP cocktail significantly increased their total motility (A), progressive motility (B), and rapid motility (C) and decreased their static motility (D) to levels comparable to control cells. Similarly, the path velocities of sperm (VAP; E) and amplitudes of their lateral head displacement (ALH; F) were also increased to levels statistically similar to control cells following cAMP treatment. Although WT sperm generally showed stronger responses to exogenous cAMP treatment, the increase in Esr1KO total motility, ALH, and VAP induced by cAMP treatment were statistically similar to that seen in treated wild-type cells. *P 0.03; ns, not significant.
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responsible for the alkaline pH of Esr1KO epididymal fluid. Still unknown, however, is the mechanistic regulation of these components. The decreased transcription of SLC9A3 previously reported in the Esr1KO efferent ducts implies that this component is also under transcriptional control within the initial segment, where ESR1 is abundantly expressed [14] . Given that only a subset of fluid transport components was evaluated, we cannot rule out the involvement and alteration of other critical transporters that may contribute to this phenotype. Nevertheless, the finding that acid/base regulatory components expressed by the narrow cells of the initial segment are expressed normally in the Esr1KO epididymis indicates at least some degree of biochemical specificity underlying this phenotype.
Despite the clear role of luminal acidification in regulating sperm maturation and respiration, it is less clear what role sperm intracellular pH plays in this process. It is assumed that sperm are able to actively regulate their pH i because they maintain their initial pH when exposed to an acidic environment [58] . However, the mechanisms that sperm utilize to regulate HCO À 3 concentration and pH i remain unknown. To our knowledge, this is the first report of relative sperm pH i as a function of transit through the epididymal duct. This analysis revealed that control sperm undergo gradual acidification as they proceed from the proximal regions of the epididymis to the distal cauda, much like the luminal fluid itself. In contrast, Esr1KO sperm recovered from the caput are significantly more alkaline than control cells, a finding that is reflective of the alkaline luminal environment. Interestingly, the luminal pH of all segments of the Esr1KO epididymis is more alkaline than controls, although the intracellular sperm pH is indistinguishable from WT in the initial segment and becomes more alkaline than controls only in the caput. This suggests that the relative pH changes that occur in the Esr1KO luminal fluid and sperm compartments are out of phase. The lack of synchrony between the luminal and intracellular pH could simply reflect the time required for normal sperm to begin intracellular acidification, which fails to occur in the Esr1KO, or, rather, reflect differences in assay methods.
The frequency distribution of sperm pH i in cells that swam out from the cauda epididymis was similar in both genotypes, whereas the relatively immotile Esr1KO sperm forcibly collected from the cauda were skewed to the alkaline range. Importantly, Esr1KO sperm with higher pH i are viable because only viable sperm retain BCECF in the cytoplasm. In control sperm, cytoplasmic alkalinization is known to play important regulatory roles at multiple stages of sperm function. On insemination, there is a rise in sperm pH i as sperm move from a quiescent to a motile and active state [25, 59, 60] ; there is a second increase in pH i during acrosomal exocytosis [61] [62] [63] . It is likely that the first event is a consequence of increased HCO À 3 concentration in the female reproductive tract, a known activator of the cAMP pathway. In any event, a mechanistic relationship between the increased pH i and the motility defects of Esr1KO sperm cannot be made at this time since the relationship between sperm HCO À 3 concentration and pH i is unknown. However, it is plausible that the more alkaline Esr1KO sperm represent a subpopulation that are in the process of undergoing spontaneous acrosome reactions since it has been reported that increased pH contributes to spontaneous acrosomal exocytosis [64] , which is more prevalent in Esr1KO sperm than in control cells [56] .
Despite these defects in luminal and intracellular pH, Esr1KO sperm retain the ability to respond to cAMP as revealed by CASA. Evaluation of motility parameters showed that Esr1KO caput sperm had significantly reduced overall motility, progressive motility, and other related parameters. In all cases, treatment with exogenous cAMP restored motility to levels observed in WT cells although not always to levels observed in WT cells treated with cAMP. This finding illustrates that Esr1KO sperm have the machinery to respond to cAMP despite their abnormal external and internal environment.
Nevertheless, compared to fertile mice, there is a significant change in the luminal and intracellular sperm pH in Esr1KO animals, which undoubtedly negatively impacts sperm maturation and function and is likely correlated with their infertility. For example, the transfer of proteins from epididymosomes, which are released by the initial segment epithelium, to sperm is favored at an acidic pH [65] , and therefore the Esr1KO sperm would be at a disadvantage despite the appropriate expression and secretion of these proteins by the epididymis. Similarly, the activities of several enzymes that modify sperm surface proteins during epididymal transit are pH dependent, with highest specific activity at the acidic pH of the normal epididymis [66, 67] . The Esr1KO animal therefore serves as model to better understand the role of luminal and intercellular sperm pH in fertility.
